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ABSTRACT

The solution to the transport equation of galactic cosmic rays in the
heliosphere is a continuing research problem. Galactic cosmic ray transport is
influenced by four physical processes: outward convection due to a magnetized
solar wind, inward diffusion along the interplanetary magnetic field line, particle
drifts, and adiabatic cooling. Usually one uses simulations to solve for the
components of the diffusion tensor applicable to galactic cosmic ray transport in
the heliosphere.
In this dissertation, I take a data driven approach and use experimental
data from 18 neutron monitors of the world-wide network of cosmic ray neutron
monitors from 1963 to 2013. These neutron monitors are grouped (NM1 and
NM2) by their vertical geomagnetic cut-off rigidities (NM1 < 4.5 GV and NM2 >
4.5 GV).

iv

I show the solution to the parameter () that is the ratio of cosmic ray
perpendicular mean free path () to the parallel mean free path (||) using
neutron monitor data base on the model of hard sphere scattering of cosmic rays
in the solar wind plasma and flat heliospheric current sheet. I show my results for
the diffusion coefficients, the vector components of the free-space anisotropy in
the radial, east-west, and north-south directions as well as the cosmic ray
gradients in the radial and transverse directions with respect to the ecliptic plane.
I show how these parameters of the transport equation correlate with rigidity, the
11-year solar cycle, and the 22-year solar magnetic cycle. I will also compare my
results to the published results from other researchers.
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1. Introduction
1.1 Cosmic Rays
Cosmic rays are highly energetic particles traveling near the speed of light
that originate from outer space. The composition of these particles is ~90%
protons, ~9% helium, and ~1% heavier elements. Cosmic rays are categorized
into three areas which defines their origin: solar, galactic, and anomalous.

Figure 1. Illustration of the origins of solar energetic particles and galactic cosmic
rays.

Solar cosmic rays or solar energetic particles (SEPs) originate from the sun
and typically have energies less than 100 MeV. SEPs may occur from solar
flares and the shock waves associated with coronal mass ejections acquiring
high energies. Anomalous cosmic rays (ACRs) originate from neutral interstellar
gas which flows into the inner heliosphere, become ionized, and are then carried
by the solar wind to the termination shock where they are accelerated to higher
energies.
1

Figure 2. Illustration showing the origin of anomalous cosmic rays from the
termination shock.

In this dissertation we only investigate the more energetic galactic cosmic
rays (GCRs) which have energies greater than 100 MeV. To be more precise, we
look at GCRs in the GeV range as opposed to GCRs of much higher energies
(ultra-high energy cosmic rays) that are being studied by others. These cosmic
rays are mostly hydrogen atoms stripped of their electrons after travelling outside
the galaxy and entering the heliosphere. Their origin is theorized to be from
supernovae explosions [1, 2].
The GCRs enter the heliosphere and undergo diffusion, convection, and drift
due to the interplanetary magnetic field of the sun. The sun goes through an 11year cycle of activity that produces solar flares and coronal mass ejections.
These solar events are more frequent during solar maximum (peak of solar
activity). These magnetic irregularities travel through the IMF and affect the GCR
motions.
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The polarity of the sun’s magnetic field changes every 11 years which also
affects the motion of these charged particles. During epochs when the magnetic
polarity is positive (north of the ecliptic), GCRs stream from high solar latitudes
down to the ecliptic and towards the heliospheric boundary. During negative
polarity, the GCRs stream in the opposite direction along the ecliptic and towards
high solar latitudes.
These processes cause modulation of the cosmic rays. When GCRs
approach the Earth and are not deflected by the geomagnetic field, they form
secondary particles which are detected by monitors on Earth.
1.2 Impetus for Study
The motivation for this dissertation is to derive the parameters of the transport
equations of GCRs through the turbulent interplanetary magnetic field in the
neighborhood of Earth. This is a data-driven empirical approach as opposed to
providing an analytical solution to the transport equations which at this point in
time is still a difficult research area.
The solutions to these equations involve coupled parameters. We provide
yearly values for these coupled parameters which may be used to gain insight
into the state of the heliosphere and the solar cycle. We will compare the
solutions to these parameters to published results.
1.3 Historical Background
The 100th anniversary of the discovery of cosmic rays was recently celebrated
by the scientific community in 2012. On August 7, 1912, Victor Franz Hess
ascended in a hydrogen-filled balloon in a field near the town of Aussig, Austria.
3

In his gondola were three Wulf-type electroscopes used to measure ionizing
radiation and to assess its origin as he ascended to about 5000 meters above
the Earth in a gondola.

Figure 3. Victor Hess in his gondola [3].

At that time, the origin of this penetrating radiation that caused a slow
discharge in electroscopes was thought to be gamma rays from the Earth’s crust.
But the ionization rate above the Earth’s surface was larger than expected as
one ascended above the Earth.
In the German scientific journal Physikalische Zeitschrift [4], Victor Hess
summarized his results with the conclusion that “The results of my observations
are best explained by the assumption that a radiation of very great penetrating
power enters our atmosphere from above.” The origin of this radiation was
deemed of extraterrestrial origin and was called cosmic rays by Robert Millikan.
This led to a new field of study called cosmic ray physics.
4

Victor Hess was later to share the Nobel Prize in Physics in 1936 for his
discovery of cosmic rays.
1.4 Cosmic Ray Showers
Cosmic rays entering Earth’s atmosphere (called primary particles) collide
with air molecules like oxygen and nitrogen producing secondary particles. These
secondary particles collide with other particles producing what is called an air
shower. This cascade of particles eventually reaches the ground and is recorded
by cosmic ray detectors like neutron monitors and muon telescopes.

Figure 4. Cosmic ray shower [5].
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As Figure 4 shows, the cosmic ray particle collides with an air molecule
producing protons, neutrons, and other secondary particles. Since this collision
results in transfer of energy only energetic cosmic ray particles will produce
secondary particles that make it to ground level. Lower energy primary particles
will have their secondary particles absorbed by the atmosphere and never reach
ground level and hence never detected by ground-based monitors. Such
particles are detected by instruments on balloons at high altitudes and satellites
in space. Cosmic ray protons detected by neutron monitors are typically in the
GV rigidity range.
Rigidity (R) is a cosmic ray measurement parameter expressed as the particle
energy divided by its charge, it has units of volts. This unit of measure is used
instead of energy because of the charged particle interaction with magnetic
fields. The higher the rigidity value of the charged particle or the higher its
momentum, the higher is the resistance of the particle to deflection by a magnetic
field.

R

cp
q

R  rigidity

(1)

p  momentum
q  charge
c  speed of light
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1.5 Neutron Monitors
The detectors used for cosmic rays are based on the secondary particles of
the cosmic ray showers that reach the location of the detector site. They range
from muon to neutron detectors. The location of these monitors vary from
ground-based, underground, shipped-based, airborne (balloons and aircraft), to
satellites. This dissertation focuses on the data gathered from ground-based
neutron monitors.
We focused on two groups of neutron monitors based on their vertical
geomagnetic cut-off rigidity ranges (R0). A GCR with a rigidity lower than 1.1 GV
will have its secondary particles absorbed by the atmosphere.
The first group which we call NM1 consists of 11 stations that span the rigidity
ranges from 0.65 GV to 4.5 GV. The second group which we call NM2 consists of
7 stations that span the rigidity ranges from 4.51 GV to 13.5 GV. We chose these
stations because of the availability of data that spans multiple 11-year solar
cycles. Also, this grouping was chosen to show any rigidity dependence of the
cosmic ray transport parameters.
The Huancayo and Haleakala neutron monitor station data were combined as
one set. In the mid-1980s, Peru was undergoing political unrest which made the
maintenance and calibration of the Huancayo neutron monitor in Peru very
difficult [6]. A replacement station on the island of Maui, Hawaii, was set up at
Mount Haleakala because of the similar cut-off rigidity and altitude.
The following table lists the neutron monitors used for this dissertation along
with their lower cut-off rigidities, median rigidities, latitudes, longitudes, and
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altitudes. The table also shows the span of available NM data that covers the
years 1963-2013.
The median rigidity (Rm) of response of a NM detector is defined where
50% of a NM counting rate is due to GCRs below this median rigidity value.

Table 1. Neutron monitor groups NM1 and NM2, cut-off rigidities and locations.

Figure 5 shows the worldwide cosmic ray neutrons monitors used in this
dissertation and the regional areas of coverage.
In terms of regions of the world, the European neutron monitor stations
are Jungfraujoch in Switzerland, Kiel in Germany, Lomnickty Stit in Slovakia,
Apatity & Moscow in Russia, Oulu in Finland, and Rome in Italy. The North
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American neutron monitor stations are Calgary and Deep River in Canada;
Climax, Durham, Newark, and Haleakala/Huancayo in the USA. The South
African stations are Hermanus, Pochefstroom, and Tseumeb. The Far East
station is Mt Norikura in Japan.

Figure 5. Active world-wide cosmic ray detection network [7].
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1.6 The Geomagnetic Threshold Rigidity
The geomagnetic threshold rigidity or lower cut-off rigidity (R0) for each
neutron monitor station is provided by the station’s database. The R0 value
represents the lowest value of the cosmic ray particle rigidity that is detected by
the NM station in the vertical direction.
Figure 6 shows the global lower cut-off rigidity based on the model for the
Earth’s magnetic field at the year 2000.

Figure 6. Global cut-off rigidity for epoch 2000 of the Earth’s magnetic field.

1.7 Latitude Surveys
There have been many cosmic ray latitude surveys which studied the GCR
intensity as a function of altitude, latitude and solar cycle activity, i.e. during solar
10

minimum or maximum. Many were ship-borne studies because of the distances
involved and the length of time to conduct the survey. Other latitude surveys
were conducted by land vehicles and balloons.

Figure 7. Nagashima coupling function for neutron monitors at various
atmospheric depths and solar activity (dash line for solar maximum and solid line
for solar minimum).

The importance of the latitude surveys was to give us a global picture of the
lower cut-off rigidity and the cosmic ray coupling function. In this dissertation we
use the neutron monitor coupling function derived by the Japanese group led by
Nagashima [8]. They did an extensive analysis of the latitude surveys conducted
by others at different time periods and developed a coupling function for neutron
monitors. This coupling function (Figure 7) took into account different
atmospheric depths during solar minimum and solar maximum. It shows that the
peak response for NMs is in the 2-5 GV range. For a NM we use the coupling
function W(R) corresponding to the atmospheric depth of the detector.
11

1.8 Neutron Monitor Coupling Function
The neutron monitor coupling function ( W (R ) ) gives the response of a
neutron monitor to the differential rigidity spectrum of cosmic rays. One definition
of the coupling function [9] as proposed by Dorman (shown below) is based on
an empirical approach where N is the total counting rate of the detector and dN
is the counting rate of the detector in the range from

R to R  dR . In

computations, the W(R) value is determined corresponding to the applicable
value of R0 for a NM and we normalize the result to 100 percent.

W ( R) 





R0

1 dN
N dR

(2)

W ( R)dR  100%

(3)
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2. Theoretical Structure
2.1 The GCR Transport Equation
The transport of galactic cosmic rays in the heliosphere is influenced by four
physical processes: outward convection due to a magnetized solar wind, inward
diffusion along the interplanetary magnetic field, particle drifts, and adiabatic
cooling. Parker [10] first derived the transport equation as shown below.







 



 

  
f
1   f
  V  v D  f    K  f    V
t
3
 ln R
convection & drifts

diffusion

adiabatic energy change


f  f (r , R, t )  GCR distri bution fun ction

V  solar wind velocity

vD  GCR drift velocity

K  diffusion tensor

(4)

R  rigidity  cp/q
 K ||
K   0
 0

0
K
 KT

0 
K T 
K  

(5)
K ||  diffusion coefficien t parallel to the mean magnetic field
K   diffusion coefficien t perpendicular to the mean magnetic field
K T  drift coefficien t

Riker [11] gives an excellent summary of the history of cosmic ray transport
theory which started in the 1950’s. Parker started from first principles using the
Fokker-Planck equation as the groundwork for cosmic ray transport theory. Other
researchers contributed to the modification of the theory: Ahluwalia and Dessler
13

[12] for electric drift (E x B); Axford [13, 14] for using the Boltzmann equation to
independently derive the transport equations; Gleeson and Axford [15] for
defining the relationships between the streaming flux and anisotropies; Jokipii
and Parker [16] for generalizing the theory for anisotropic diffusion; Forman and
Gleeson [17] showed the theoretical relationships of diffusion, convection,
electric field drift, and transverse density gradient drift.
2.2 Diurnal Anisotropy Components
Instead of solving for the components of the diffusion tensor of the transport
equation through simulations, an observational approach based on the
modulation of cosmic ray protons as detected by a world-wide network of neutron
monitor sites is used.
Riker and Ahluwalia [1] showed that the components of the free-space
anisotropy vector in spherical coordinates centered on the sun are the following.

Ar 

3
CV  K rr Gr  K T sin G  K ||  K  sin  cosG 
v

A  
A 



3
K T sin Gr  K  G  K T cosG
v





3
K ||  K  sin  cosGr  K T cosG  K G
v

(6)

(7)



(8)

Where Ar, A, and A are the radial, north-south, and east-west
components of the anisotropy vector and  is the IMF angle. The above
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equations will be used in a later section to derive solutions for the components of
the diffusion tensor and the cosmic ray gradients.
The radial diffusion coefficient Krr and K are given by the following.
K rr  K || cos 2   K  sin 2 

(9)

K  K|| sin 2   K  cos 2 

(10)

The parameters K|| and K are the diffusion coefficients parallel and
perpendicular to the mean magnetic field. The drift coefficient KT and Larmor (or
cyclotron) radius rL are given by the following [19]:
KT 

rL 

rL v
3

(11)

R
cB

(12)

R is the rigidity of the cosmic ray proton in units of GV, and B is the mean
scalar magnetic field in nT.
The free-space anisotropy vector A is calculated from experimental data. The
procedure is further explained in the next section.
The anisotropy is related to the diurnal variation amplitude, the cosmic ray
rigidity spectrum, the asymptotic latitude of viewing (direction in space of the
cosmic ray streaming before the influence of the geomagnetic field), and the
coupling function for the neutron monitor site.

15

Rc

a   AW ( R) cos dR

(13)

R0

a  diurnal amplitude
A  Ar2  A2  free - space anisotropy amplitude in the ecliptic plane
R  rigidity
R0  lower cut - off rigidity
Rc  upper cut - off rigidity

  asymptotic latitude (see section 3.4)
W  coupling function
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3. Data Analysis
3.1 Introduction
The analysis of neutron monitor data to calculate the parameters of the
cosmic ray transport equations involve several steps. The 11 steps are outlined
below and the details of the calculations are explained in the sections that follow.

(1) Harmonic Analysis. Conduct a harmonic analysis (Fourier analysis) of
the pressure-corrected hourly counting rates of a NM to give us the daily
diurnal amplitude (a) and phase (local time in hours) for each NM. These
calculations are also conducted for the hours when the interplanetary
magnetic field is in the “toward” and “away” directions with respect to the
sun.
(2) The IMF Angle. Using the hourly IMF data [20], we calculate the daily
angle of the IMF with respect to the earth-sun line. The IMF data will also
provide us with the days when the IMF is pointing “toward” or “away” from
the sun.
(3) Asymptotic Latitude and Longitude. Using the asymptotic longitude and
latitude as a function of rigidity [26, 27] for each NM station, obtain a curve
fit to this data for each station.
(4) The Upper Cut-Off Rigidity. Calculate the upper cut-off primary rigidity
(Rc) for each year based on the correlation with the IMF [20, 21].
(5) The Lower Cut-Off Rigidity. Obtain the lower cut-off rigidity (R0) for each
station. Cosmic ray particles below this rigidity are deflected into space.
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Only cosmic ray particles within this rigidity range (R0 ≤ R ≤ Rc) are used
in our calculations.
(6) Neutron Monitor Coupling Function. Obtain the NM coupling function
[8] as a function of rigidity, station altitude, and solar activity (solar max vs
solar min) for each station.
(7) Cosmic-Ray Variational Spectrum. Calculate the variational spectrum of
the cosmic ray primaries as defined by Ahluwalia [22].
(8) Geomagnetic Bending Correction. Calculate the corrections due to
geomagnetic bending for the NM station.
(9) Compton-Getting

Correction.

Calculate

the

Compton-Getting

corrections (orbital motion of the Earth correction) to the asymptotic
latitudes for each NM.
(10) Free-Space Anisotropy Vector. Calculate the free-space anisotropy
vector for each NM. The calculations are repeated for “toward” and “away”
days.
(11) Cosmic Ray Transport Equation. Calculate the parameters of the
cosmic ray transport equation.
3.2 Harmonic Analysis
The harmonic analysis of the daily pressure-corrected hourly counting rates of
neutron monitor data is performed using a Fourier analysis of the data. We use
the method by Fikani [23]. Prior to the Fourier analysis, the data must first go
through pre-processing for the following:
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(1) Days when solar flares or coronal mass ejections occur causing ground
level enhancements (GLEs) are eliminated from the analysis. GLEs cause
a huge spike in the hourly counting rate and therefore need to be deleted.
(2) Days where there are data gaps of over 20 hours due to bad data
collected or the monitor being down for maintenance are eliminated.
Smaller data gaps are interpolated for the missing hours.
(3) We smooth the data to eliminate linear trends and transform the data into
percent deviations. The following equation shows the methodology:

f (t i )  100 

I (t i )  I 25 (t i )
Io

(14)

Here f (t i ) is the smoothed and normalized hourly data in percent for the
hour t i , I (t i ) is the hourly rate for a NM, I 25 (t i ) is the 25-hour moving
average centered around I (t i ) , and I o is the monthly average of the
neutron monitor counting rate.
(4) Using the hourly smoothed and normalized f (t i ) data, we perform a
Fourier analysis to calculate the diurnal amplitude and phase. From the
daily values of the IMF, we can determine the direction of the magnetic
field in the ecliptic plane, i.e. whether it points “toward” or “away” from the
sun. Knowing the “toward” (-) and “away” (+) days, we can also calculate
the corresponding “toward” and “away” diurnal variation amplitudes and
phases.
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Table 2. Standard definitions used in our Fourier analysis.
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(19)

(20)

(21)

The results of the harmonic analysis for several neutron monitor data are
shown in Appendix A. Results for NM1 and NM2 are shown in Figure 8 and
Figure 9. Because of the modulation of cosmic rays through the IMF, we get an
anisotropy in the flux. If the cosmic ray distribution were isotropic then we would
not see any temporal variation in the flux.
Because of the earth’s rotation we also see a sinusoidal variation in the hourly
cosmic ray data. The harmonic analysis decomposes the data to give us an
amplitude and phase for many harmonics. The results of our calculation for the
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first harmonic is shown in Figure 8 and Figure 9. The phase gives us the primary
direction of the streaming of cosmic rays.
Different harmonics produce information on the nature of the cosmic ray
streaming. Our concern in this dissertation is just the first harmonic which will be
used in further analysis.
Figure 8 shows the relationship between the solar cycle and the diurnal
amplitude of the GCR intensity. It shows that the amplitude is cyclic and varies in
direct correlation with the solar cycle. When the solar cycle is more active (larger
sunspot numbers), the IMF is more turbulent causing more scattering of the
GCRs and therefore increasing the modulation. This causes an increase in the
diurnal amplitude. The variation in the diurnal amplitude is typically between 0.2
and 0.4% with an average value of 0.35% ± 0.02% for NM1 and 0.30% ± 0.02%
for NM2.
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Figure 8. Computations for NM1 & NM2 yearly diurnal amplitude and SSN.

The plot of sunspot numbers (SSNs) is a direct correlation with solar activity.
This is an 11-year cycle with the polarity of the IMF changing at each solar
maximum or the peak of the sunspot numbers. The 22-year solar cycle
corresponds to the period when the sun returns to the same polarity in a
hemisphere.
Figure 9 shows the relationship between the solar cycle and the phase or
direction of the GCR streaming. It shows a 22-year solar cycle dependence with
the lowest phase of the 22-year cycle occurring near solar minimum of the
positive (A>0) polarity epochs. The local phase appears to approach its
maximum values in the negative (A<0) polarity epochs.
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Figure 9. Computations for NM1 & NM2 local phase and SSN results.

Since the NM data is time-stamped in UT (universal time) instead of local
time, we convert the phase to local time based on the longitude of the station.
The yearly variation in the local phase is between 10 and 16 hours with an
average value of 14.4 ± 0.6 hours for NM1 and 13.5 ± 1.0 hours for NM2.
During periods of high solar activity we see the effects of increased
modulation on the diurnal amplitude. We will use the smooth SSN (13-month
running average) as an indicator of solar activity when we discuss the results of
the GCR transport parameters. We will discuss the effects of magnetic polarity
on the results also.
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3.3 The IMF Angle
The sun’s magnetic field is carried out by the solar wind and frozen into the
solar wind plasma. Because of the sun’s rotation, this outward flow of the solar
wind forms a spiral shape called a Parker spiral (Figure 10). The heliospheric
neutral current sheet separates the opposite polarities of the spiral. Because the
sun’s rotation axis and the magnetic polar axes are not co-aligned, the current
sheet is not flat but forms a complex ballerina skirt shape (Figure 11).
The angle the sun’s magnetic field makes at the Earth in the Geocentric Solar
Ecliptic (GSE) coordinate system is calculated. In this coordinate system, the X
axis points towards the sun, the Y axis lies in the ecliptic plane, and the Z axis
points to the ecliptic pole as depicted in Figure 12.

Figure 10. Parker spiral of the IMF
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Figure 11. Heliospheric neutral current sheet.
The IMF angle will be used in the calculations of the cosmic ray transport
parameters. The sign of the x and y components of the IMF will tell us if the IMF
is pointing “toward” or “away” from the sun.

Figure 12. GSE coordinate system showing directions of “toward” and “away”
angles.
25

Additional calculations will be performed for those negative or positive days
when the IMF is “toward” (-) or “away” (+). We will look at the difference between
the positive and negative values of certain transport parameters.
The hourly IMF data at 1 AU is provided by the NASA Goddard Space Flight
Center’s OMNIWeb database [20]. The database of IMF extends from 1963 to
the present. Note that coverage for all years may not be complete, especially
near the start of the IMF database. Note that there are also gaps in the coverage
as noted by Ahluwalia and Xue [24]. Table 3 lists the percent of useable data for
each year. Useable data is defined as data that allows us to calculate the IMF
angle in the “toward” or “away” quadrants. Figure 13 shows a histogram of this
useable data.
Table 3. Computations for the yearly values of the IMF angle with errors.
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Because of the low percentage of useable data for the period from 1963 to
1966, we will not calculate any GCR transport parameters for those years that
require IMF data.

Figure 13. Plot of percentage of IMF data in “toward” and “away” direction.

The angle the IMF makes with respect to the earth-sun line at the ecliptic
plane is on the average about 45. There are episodes during the year where the
IMF is more turbulent due to solar activity like coronal mass ejections or solar
flares but when averaged over the year we expect the IMF angle to be around
45.
Figure 14 and Table 4 show our calculated yearly IMF angle  and the error
. More details of the daily IMF angles are provided in Appendix D. Our
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calculations of the IMF angle are based on the B y and Bx components of the IMF
data.
 By 

 Bx 

  tan 1 

(22)

Bx
2 B y
sin  cos 

Bx
 By

2

 

2






Figure 14. Computations for the yearly value of the IMF angle and the solar wind
velocity with error bars.

The fluctuations in the solar wind velocity is directly related to the
fluctuations in the IMF angle. Figure 14 shows the solar wind velocity plotted with
the IMF angles. Kivelson [25] has shown that the rotation of the solar wind that
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forms the Parker spiral has radial and azimuthal components. These components
can then be used to solve for the IMF angle.

Table 4. Computations for the yearly values of the solar wind velocity and errors.

As the following equation shows, when the solar wind velocity increases
from its nominal speed of ~430 km/s, the IMF angle decreases and when the
solar wind velocity decreases from this value, the IMF angle increases. When the
solar wind velocity is near its average speed of ~430 km/s, the IMF angle is 45.
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One can substitute for the solar rotation  = 2.87 x 10-6 sec-1 and distance r to
the earth of 1.5 x 108 km and the solar wind velocity of 430 km/s to get the IMF
angle of 45.

R2
r2
r
B (r )   Br
V
B r
tan   
Br V
Br (r )  B0

3.4 Asymptotic Latitude and Longitude
The asymptotic latitudes () and longitudes () of cosmic rays entering the
Earth’s atmosphere define the direction of the cosmic ray particles from space
before being influenced by the geomagnetic field. The calculations of the
asymptotic latitudes and longitudes have no analytical solutions (except for the
case where the asymptotic direction is at the equatorial plane and a simple dipole
field for the Earth’s magnetic field is used) so they must be performed
numerically using models of the Earth’s magnetic field structure and the
equations of motion of a charged particle.
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Figure 15. Illustration of a CR particle trajectory in the Earth’s magnetic field [5].

The calculations have been performed and published in cosmic ray tables
[26, 27]. We use the results for a cosmic ray particle arriving in the vertical
direction at the NM stations for varying rigidities. Table 5 to Table 10 show the
numerical results for the asymptotic directions in the vertical direction for the NM
stations of interest in this dissertation.
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Table 5. Asymptotic longitudes as a function of rigidity of CR particles for NM1.
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Table 6. Asymptotic longitudes as a function of rigidity of CR particles for NM1
(cont).
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Table 7. Asymptotic latitudes as a function of rigidity of CR particles for NM1.
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Table 8. Asymptotic latitudes as a function of rigidity of CR particles for NM1
(cont).
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Table 9. Asymptotic longitudes as a function of rigidity of CR particles for NM2.
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Table 10. Asymptotic latitudes as a function of rigidity of CR particles for NM2.
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3.5 The Upper Cut-off Rigidity
The upper cut-off rigidity (Rc) of the cosmic ray primary spectrum is the rigidity
above which cosmic ray particles are not significantly modulated by the
interplanetary magnetic field. Some researchers have used an upper cut-off
rigidity of 100 GV for all cosmic ray particles. Ahluwalia and Riker [28] have
shown that there is a solar cycle dependence of the upper cut-off rigidity due to
modulation (diurnal amplitude and phase) of the cosmic ray particles and that the
yearly values may be lower than 100 GV during solar minimum. This means that
the upper cut-off rigidity is not constant at 100 GV but varies throughout the solar
cycle.

Figure 16. Ahluwalia [21] upper-cutoff rigidity Rc correlation to IMF scalar B
values.

Ahluwalia [21] has further shown that there is a correlation between the IMF
scalar B value and the upper cut-off rigidity. His calculations are shown in Figure
38

16 and labeled as HSA in Figure 18. Other calculations of Rc made by J. F. Riker
[11] from 1965 to 1968, I. S. Sabbah [29] from 1965 to 1995, and for the Embudo
station [28] from 1965 to 1979 are shown. The Riker/Sabbah data merges Riker’s
calculations from 1965-1968 with Sabbah’s calculations from 1969-1995.
These four calculations for Rc have been correlated to the IMF scalar B value
to generate a linear fit relation for Rc as a function of IMF scalar B. This fit is used
to extend the data to 2013 for Rc. As one can see, the best fit to the Rc data is
similar to the Ahluwalia calculations. An average value of Rc is used from these
previous calculations for use in the analysis which is shown in Figure 19.

Figure 17. Linear fit to Riker/Sabbah data of Rc.
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Figure 18. Comparison of Yearly Upper-Cutoff Rigidity Calculations.

Figure 19. Yearly Upper-Cutoff Rigidity Used in Analysis.
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Table 11. Yearly Upper-Cutoff Rigidity Used in Analysis.
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3.6 The Geomagnetic Threshold Rigidity
Our calculations for each neutron monitor (NM) are based on cosmic ray
particles that lie between the lower (geomagnetic threshold) and upper cut-off
rigidity. Table 1 lists the lower cut-off rigidities for NM1 and NM2 stations.
3.7 Neutron Monitor Coupling Function
The coupling function varies with the altitude of the station as well as the solar
cycle activity. We use the coupling function calculated by Nagashima [8] which is
shown in the following figures. The NM response curves are plotted for several
station altitudes, the solar cycle minimum, and the solar cycle maximum in Figure
20 and Figure 21. They show that peak response for NMs is in the 2-5 GV range.

Figure 20. Nagashima response function used in analysis.
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Figure 21. Nagashima response function [8].

3.8 Cosmic Ray Variational Spectrum
The diurnal amplitude of the cosmic ray flux is numerically calculated based
on the harmonic analysis technique as explained earlier. We also have a
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relationship between the diurnal amplitude a, the variational spectrum

D( R)
,
D( R)

and the coupling function W(R) from Ahluwalia and Riker [30].

a

Rc

R0

D( R)
W ( R)dR
D( R)

(23)

The variational spectrum ceases to become significant above Rc and at the
geomagnetic poles ( = 90). The variational spectrum is defined as follows [19]:

 A cos 

D( R)  0

D( R)

(24)

, R  Rc 

, R  Rc 

Where A is the amplitude of the diurnal anisotropy in free space and  is the
mean asymptotic latitude of viewing for the NM, R is the rigidity, Rc is the upper
cut-off rigidity, and R0 is the lower cut-off rigidity.
3.9 Geomagnetic Bending Correction
Mean asymptotic latitude and longitude of a cosmic ray particle are calculated
using the below equations where (  ,  ) are the asymptotic latitude and longitude
respectively and ( corr ,  corr ) are the mean asymptotic latitude and longitude.
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corr 



Rc

R0

 ( R )  W ( R ) cos dR



R0

 corr 



Rc

R0

(25)

Rc

W ( R ) cos dR

 ( R )  W ( R ) cos dR



(26)

Rc

R0

W ( R ) cos dR

Figure 22. Geometry of geomagnetic bending from Riker [11].
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The geomagnetic bending correction (  GB ) to the local phase (  local ) at each
neutron monitor station must also be performed to get the free-space direction (

 freespace ) of cosmic ray particles. The equation below shows the form of the local
phase geomagnetic bending correction.

GB 

24
 corr  geographic longitude 
360

 freespace   local   GB

(27)

(28)

Figure 23. Geomagnetic bending correction for NM1.
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Table 12. Geomagnetic bending correction data for NM1.
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Figure 24. Geomagnetic bending correction for NM2.

Figure 23 and Figure 24 shows that the temporal variation of the geomagnetic
bending correction for each detector in NM1 and NM2 respectively. These
fluctuations are caused by Rc changing over time.
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Table 13. Geomagnetic bending correction data for NM2.

49

3.10

The Compton-Getting Correction

The relative motion of the Earth in the interplanetary medium causes a small
maximum in the cosmic ray intensity in the direction of 0600 hours local time.
This is known as the Compton-Getting effect [31, 32] and must be corrected in
the analysis. Sabbah [33] shows that the Compton-Getting correction is
approximately 0.045% for cosmic ray particles streaming in the direction of the
ecliptic plane. Once we calculate the geomagnetic bending correction ( corr ) to
the asymptotic latitude (  ) of the cosmic ray particles, we can calculate the
Compton-Getting (CG) correction to these particles as shown in the equation
below. This small correction will be applied to the free-space anisotropy
amplitude A.

CG  0.045  cos(corr )

(29)

Acorr  A  CG

(30)
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Figure 25. Compton-Getting correction for NM1.
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Table 14. Compton-Getting correction data for NM1.

52

Figure 26. Compton-Getting correction for NM2.
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Table 15. Compton-Getting correction data for NM2.
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3.11

The Free-Space Anisotropy

We can now calculate the cosmic ray anisotropy amplitude ( A ) in free-space
based on the equation for the diurnal amplitude ( a ) from harmonic analysis, the
variational spectrum (

D( R)
), and the coupling function ( W (R ) ). The relationship
D( R)

between the diurnal amplitude and the free-space anisotropy amplitude is shown
below.

a

Rc

R0

R
R
D( R)
W ( R)dR   AW ( R) cos dR  A W ( R) cos dR
R
R
D( R)
c

c

0

0

(31)

We can then derive the below relationship for the free-space anisotropy
amplitude as well as for the away (+) and toward (-) free-space anisotropy
amplitude.
A

a



Rc

R0

W ( R) cos dR

a



A 

(32)



Rc

R0

W ( R ) cos dR

(33)

The free-space anisotropy amplitude must then be corrected for the
Compton-Getting effect as discussed previously.
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Acorr  A  CG

(34)


Acorr
 A   CG

(35)

We showed the equation for the free-space direction previously. We show
it again below along with the away (+) and toward (-) free-space direction.

 freespace   local   GB

(36)


 free space   local
  GB

(37)

The radial (Ar) and azimuthal (A) components of the free-space
anisotropy vector are calculated using the free-space direction. The same
process applies to the away and toward version of the free-space anisotropy.

Ar  Acorr sin 
(38)


Ar  Acorr
sin  

A  Acorr cos
(39)


A  Acorr
cos  

  18   freespace
(40)

   18   free space
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The following diagram shows the location of the radial and azimuthal
components of the anisotropy vector and the free-space direction.

Figure 27. Radial and azimuthal components of the cosmic ray anisotropy.

The plots of the yearly free-space anisotropy and direction for the neutron
monitors in this dissertation are shown in Appendix B. The average values for
NM1 and NM2 are shown in the following figures.
The radial and azimuthal components of the anisotropy vector are then
calculated from this data using the equations as shown previously. These results
will then be used in the cosmic ray transport equations as discussed in the next
section.
From Appendix B, we see that the free-space anisotropy amplitude has an
average value of 0.47% ± 0.01% for NM1 and 0.39% ± 0.01% for NM2. This is an
increase over the diurnal amplitudes from the harmonic analysis results. The
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average free-space direction is 17.6 ± 0.1 hours for NM1 and 18.8 ± 0.2 hours for
NM2 with a mean value of 18.2 ± 0.1 hours.

Figure 28. NM1 & NM2 yearly free-space anisotropy amplitude and SSN.

From Figure 28 we see that the free space anisotropy amplitude
approaches its minimum values at solar minimum regardless of the magnetic
polarity. The maximum amplitude for NM1 is ~0.51 ± 0.01 % and for NM2 it is
~0.45 ± 0.01 %. There does not appear to be a rigidity dependence for the freespace anisotropy amplitude.
From Figure 29 the yearly direction approaches its lowest values during
solar minimum of the positive polarity epochs and rises to its maximum value
during the negative polarity epochs. This behavior indicates a 22-year solar cycle
dependence.
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Figure 29. NM1 & NM2 yearly free-space phase and SSN.

3.12

The Components of Anisotropy

We showed in section 2.2 that the components (Ar, AA) of A, the diurnal
anisotropy vector, in spherical coordinates with the Sun at the center is the
following:

Ar 

3
CV  K rr Gr  K T sin G  K ||  K  sin  cosG 
v

A  
A 



3
K T sin Gr  K  G  K T cosG
v





3
K ||  K  sin  cosGr  K T cosG  K G
v
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(41)

(42)



(43)

Where v is the cosmic ray velocity (≈ c, the speed of light), C is the ComptonGetting factor (≈1.5) [19], V is the solar wind velocity,  is the angle of the
interplanetary magnetic field (IMF) in relation to the radial direction from the Earth
to the Sun. The components of the diffusion tensor are Krr, KT, K||, K, and K.
The gradients of the cosmic ray particle densities are Gr, G, and G.
If we are to consider the “away” and “toward” polarity of the IMF we can rewrite Equations (41) to (43) as equations (44) to (46) where “+” and “-“ denotes
positive and negative polarity respectively [34].
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3
 K T sin Gr  K  G  K T cosG 
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(44)

(45)
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v

(46)

We can rewrite equations (44) to (46) as follows:
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(47)

(48)

3
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v
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(49)

3
Where the first term in equation (47) is the convection term, AC  CV . This
v

represents the convection of cosmic rays by the magnetized solar wind. The
other terms in equation (47) to (49) are contributions from the diffusion process.
Figure 30 shows the yearly value of the convection term plotted against the
yearly solar wind velocity. Since the GCR velocity (v) and the Compton-Getting
factor (C) are constants, the plot shows that the convection term is mainly
influenced by the solar wind velocity.

Figure 30. The yearly value of the convection term, Ac, and the solar wind
velocity.

If we look at the difference of equations (44) to (46) one can easily show the
following:
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Ar  Ar 3
 K T G sin 
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(50)



(51)

3
K T G cos
v

(52)

From Ahluwalia and Dorman [35] the azimuthal gradient G when averaged
over several solar rotations is negligible. We can write the sum and difference
terms of the anisotropy equations as the following:

Ar  Ar 3
 CV  K rr Gr 
2
v

(53)

A  A
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2
v

(54)
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 K T G sin 
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v

(56)
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(58)
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The diffusion coefficients K|| and K as well as their ratio are defined as the
following:
v
K   
3

(59)

v
||
3

(60)

K || 



 K 
1
1



2
|| K|| 1  ( ) 1  || / rL 2

(61)

The terms on the right-hand side of equation 61 come from Forman and
Gleeson [17] based on the model of hard sphere scattering centers embedded in
the solar wind plasma. The mean free paths parallel (||) and perpendicular ()
to the mean magnetic field arise from isotropic hard sphere scattering.
With the equations for Krr, KT, K||, and, K we can further reduce the sum
and difference terms of the anisotropy equations (53) to (58) to the following:
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(64)

Ar  Ar
 rL G sin 
2

(65)
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A  A
 rL Gr sin 
2
A  A
2

(66)

 rL G cos

(67)

The above equations will then be used to solve for the GCR transport
parameters.
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4. GCR Transport Parameters
4.1 Coefficient alpha
The value of  is the ratio of the GCR mean free path in the perpendicular
and parallel directions with respect to mean B due to diffusion. This coefficient is
important because we can derive solutions to other transport parameters based
on its temporal value.
We must first remove any dependence on other transport parameters in order
to solve for it. Then we can derive solutions for the GCR transport parameters
based on  These solutions trace back to experimental data.
Solving for  from equations 62 and 64 with the definition of  from equation
61 and the relationship from equation 56 we get the following results:
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||Gr sin 2 
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1
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2
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(68)

(69)

From the above two equations we can show the following equation for 
(see Appendix C for derivation) that solely depends on experimental data.
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Figure 31 to Figure 34 shows the values for the “toward” and “away” radial
and azimuthal components of the anisotropy used in the calculations for .

Figure 31. Ar+ for NM1 and NM2.
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Figure 32. Ar- for NM1 and NM2.

Figure 33. A+ for NM1 and NM2.

67

Figure 34. A- for NM1 and NM2.

Figure 35 shows the results for  for the NM1 and NM2 groups. As one
can see there is a rigidity dependence for  with the higher rigidity group NM2
having a larger  value than the NM1 group.
The results from the analysis show that during the period from 1967 to
2013, the value of  is not constant but fluctuates. The results show the value for

 to be: 0.006 <  < 0.278 with error of ±0.008 for NM1 and 0.199 <  < 0.476
with error of ±0.011 for NM2. This analysis shows that  is rigidity dependent and
that it is not constant. Since other cosmic ray transport parameters can be
derived with a dependence on , these transport parameter results will then differ
from other published results based on the assumption of a constant low  value
of 0.01.
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Figure 35. NM1 and NM2 alpha with error bars.

Chen and Bieber [36], Munakata et al [37], as well as other authors have
assumed a constant value of 0.01 for  with the added assumption that this
parameter is rigidity and solar cycle independent. From this assumption, these
authors calculate GCR transport parameters.
This analysis shows that  does not appear to have magnetic polarity
dependence. It shows local maxima during solar minimum for the A>0 and A<0
magnetic polarity epochs.
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Figure 36. 3-Year average of NM1 and NM2 alpha

Taking 3-year averages of  for NM1 and NM2 (Figure 36) shows that
near solar minimum we get a local maximum for  around the years 1975, 1987,
and 1995 with a higher relative maximum for the negative polarity (A<0) period
around 1987.
Figure 37 shows a scatter plot of  for NM1 and NM2 versus the smooth
sunspot numbers. A best fit line is plotted through the scatter plot to determine
goodness of fit. The correlation coefficient (cc) gives a value of about 0.14 and
0.22 for NM1 and NM2 respectively which indicates that the linear relationship
between the NM1 and NM2 alpha coefficient and the smooth sunspot numbers is
very weak.
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Figure 37. Alpha vs smooth SSN with correlation coefficient.

Munakata et al [37] looked at neutron monitors over four solar cycles with
neutron monitor data (median rigidity of 16 GV). Their results will be compared in
the next few sections.
4.2 Larmor radius, rL
When charged particles travel in the heliosphere in the presence of a
magnetic field, those particles will experience a force  v x B that causes their
motion to gyrate in a circular motion. The radius of gyration is called the Larmor
or cyclotron radius. It is given by the equation below.
We show the results for the Larmor radius because of its use in the transport
parameters.
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rL 

R
cB

(71)

Again, we see a rigidity dependence (Figure 38) which isn’t surprising since
the Larmor radius is proportional to the rigidity. The higher than average value for
rL near solar minimum (2009) for the current magnetic polarity (A<0) is due to a
lower than average value for the yearly IMF (Figure 40).

Figure 38. NM1 and NM2 Larmor radius (with error bars) compared to solar
cycle.

The Larmor radius shows a very strong solar cycle dependence (Figure 38)
with high values during solar minimum and low values during solar maximum
because its value is inversely proportional to the IMF. The Larmor radius ranges

72

from 0.036 AU < rL < 0.087 AU ±0.002 for NM1 and 0.059 AU < rL < 0.142 AU
±0.002 for NM2.
Figure 39 shows the correlation between the Larmor radius and the smooth
sunspot numbers. The correlation coefficient is about 0.74 which shows that the
Larmor radius is directly affected by the solar cycle.

Figure 39. NM1 and NM2 Larmor radius vs smooth SSN with correlation
coefficient.

The dependence of the Larmor radius on the IMF with values that vary with
the solar cycle is shown below. Values of the IMF are larger (smaller Larmor
radius) during solar maximum than solar minimum.
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Figure 40. Yearly IMF and SSN.

4.3 Parallel mean free path, ||
One can show the relationship between the parallel mean free path to the 
coefficient as the following:

||  rL

1
1


(72)

From Figure 41, the diffusion parallel to the mean IMF shows no rigidity
dependence but its value varies from 0.07 to less than 0.19 AU with error of
±0.01 AU for the period from 1967 to 2013.
From Bieber & Chen [36], the average value for 10 GV GCRs was determined
to be between 0.1 and 0.3 AU based on quasi-linear theory. From Munakata et al
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[38], || was empirically determined to be 0.6 AU for 10 GV GCRs. Bieber &
Pomerantz [39] calculated 0.5 AU.
Since these authors were using a 0.01 value for  which is a factor of at least
10 lower than the results for  from this analysis then a factor of  3 ( 10 ) is
expected for the difference in the results for ||.

Figure 41. NM1 and NM2 || with error bars.

The average diffusion parallel to the mean IMF shows an inverse trend during
the solar cycle (Figure 42). The mean free path is largest during solar minimum
and smaller during solar maximum. The same observation was noted by
Munakata et al [37].
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When one looks at solar minimum, the largest values for || appears to occur
during the positive polarity period (A>0) as compared to solar minimum at the
negative polarity period (A<0). This observation is opposite to that reported by
Munakata et al [37] and by Chen & Bieber [36].

Figure 42. Average parallel diffusion parameter and SSN.

Modzelewska [40] shows values for the parallel mean free path during solar
minimum by Hedgecock and Quenby. Their values range from 0.02 to 0.14 AU
which is in the range of this analysis.
Figure 43 shows that there is a correlation between the parallel diffusion
parameter with solar activity. This is not surprising since the parallel diffusion
mean free path is directly related to the Larmor radius. From Figure 42 we see a
strong 22-year solar cycle dependence for || .
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Munakata [38] calculated a correlation coefficient of 0.6 with the sunspot
numbers (with constant  = 0.01) and showed an anti-correlation with the solar
cycle. Our values are very similar though (we used smooth sunspot numbers and
a temporally varying ) and agree with the anti-correlation with the solar cycle.

Figure 43. Average parallel diffusion parameter vs smooth SSN with correlation
coefficient.

4.4 Perpendicular mean free path, 
In contrast to the diffusion parallel to the mean IMF, the perpendicular
diffusion shows rigidity dependence. Since  is the only term in the following
equation that is rigidity dependent and the parallel mean free path II is not
rigidity dependent then  must be rigidity dependent.
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||

(73)

  ||  rL    2

For the period from 1967 to 2013, the average value of  for NM1 is about
0.019 ± 0.001 AU and for NM2 is about 0.042 ± 0.001 AU. From Palmer [41], 
was determined to be  0.007 AU for 10 GV GCRs.

Figure 44. NM1 and NM2 perpendicular diffusion parameter with error bars and
SSN.

We see that the perpendicular mean free path has local maxima during solar
minimum as compared to solar maximum. Magnetic polarity doesn’t appear to
affect the relative values from 1967 to 2003 for solar minimum. From 2004

78

onwards the perpendicular mean free path for the 2008 polarity period (A<0) has
a higher peak than the previous polarity periods as can be seen in Figure 44. We
see this same trend in the Larmor radius which explains this result since the
perpendicular mean free path is directly related to the parallel mean free path
which is directly related to the Larmor radius from equation (73).

Figure 45. NM1 and NM2 perpendicular diffusion vs smooth SSN with correlation
coefficient.

Figure 45 shows that the smooth sunspot numbers have a good correlation
with NM1 and NM2’s perpendicular diffusion during the solar cycle.
4.5 Coupled parameter, ||Gr
To derive the equation for ||Gr we start with the following equation as
given in the last section and solve for ||Gr.
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A  A
2

 ||Gr 1   sin  cos

 ||Gr 

A  A
2

1
1   sin cos

Figure 46. NM1 and NM2 Coupled parameter of parallel diffusion and radial
gradient.

The results for the coupled parameter ||Gr shows no apparent rigidity
dependence throughout the period from 1967 to 2013. We see a solar cycle
variation with values of 0.64% < ||Gr < 1.27% with an error of ±.0.02%
Relative minimum values occur during solar minimum for positive polarity
(A>0) epochs. If we look at the beginning of A>0 epochs (1968, 1991) we see
the value for the coupled parameter starts a descent to a local minimum.
These local minima for the coupled parameter are at solar minima.
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Figure 47. Yearly average for ||Gr and the solar cycle.

When we plot the values for ||Gr versus the smooth sunspot numbers, we
get a correlation coefficient of about 0.31. The 11-year solar cycle
dependence is weak but the previous results for magnetic polarity
dependence and the 22-year cycle is more pronounced.
Chen & Bieber [36] show results for the period from 1961 to 1988. The
lower and upper bounds of their results are very similar to this analysis which
is between 0.6% to 1.3%. Their data suggests magnetic polarity dependence
also.
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Figure 48. Yearly average for ||Gr vs smooth SSN and correlation coefficient.

Ahluwalia [42] reported an average value for ||Gr of 1.085 for the 19681970 period for four GCR detectors. This corresponds to a very similar value
of 1.188% for this analysis. Another paper from Ahluwalia [36] shows results
for Deep River NM from 1965 to 1990. It shows a similarity in the profile of the
curve for this period compared to the results in this analysis.
The results in this analysis for ||Gr appears to be in good general
agreement with other published results. With the results for our calculations
for || we can now calculate Gr.
4.6 Radial gradient, Gr
From the results of the coupled parameter ||Gr and the parallel mean free
path ||, we can calculate the radial gradient Gr.
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Gr 

||Gr
||

(74)

Figure 49 shows the calculated results for NM1 and NM2. Within the errors of
the calculations there appears to be no rigidity dependence for G r. This is in stark
contrast to other published results that reported different values for Gr depending
on the rigidity. When we compare the values in this analysis to published results
we find order of magnitude higher values for Gr. The following is a discussion of
those published results.
Riker & Ahluwalia [1] report possible values for Gr that range from 0.3-0.4
%/AU for 16 GV rigidity to 10-3 %/AU for 134 GV. Hashim and Bercovitch [43]
found Gr to be 1.9 %/AU and 0.1 %/AU for 16 GV and 134 GV for 1967-1968.
Webber and Lockwood [44] estimated ~3 %/AU for 1972-1980.
Munakata et al [33] and Chen & Bieber [36] found that the radial gradient has
a good correlation with the sunspot cycle. Though the solar cycle correlation
agrees with Munakata’s results the value of Gr is an order of magnitude higher
than his results. The difference lies in the assumption by Munakata for the value
of .
Munakata assumed a value of 0.01 for  based on the results by Chen and
Bieber. Munakata’s calculations are based on data for median rigidity 60 GV
muon detectors and median rigidity 16 GV NMs from 1978 to 1995. Since our
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calculations show that  is rigidity dependent then an order of magnitude
difference in our Gr results compared to Munakata may be understandable.

Figure 49. NM1 and NM2 radial gradient.

Chen & Bieber discussed the implications for the radial gradient values from
conventional drift models. During years of positive polarity, the drift models
predict a smaller value of Gr than during years of negative polarity [45]. Their
findings showed different results that challenge the drift model and this analysis
does not confirm their findings. Positive polarity years near 1976 have lower Gr
values as compared to the value of Gr near the negative polarity years 1986 and
2008.

84

Like the values of Gr from Munakata, Chen & Bieber’s Gr values are also
smaller than the results shown here by a factor of 10. Again, Chen & Bieber like
Munakata used the conventional idea of a constant value for .

Figure 50. Average radial gradient vs solar cycle.

During solar minimum it appears that for positive polarity (A>0) periods the
values for Gr are lower than for negative polarity periods (A<0). This comes about
from the higher relative value for || and lower value for ||Gr during the period of
positive polarity. The results show that Gr ranges from 3.9 to 16.7 %/AU with an
error of ±0.43 %/AU.
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Figure 51. Average radial gradient vs smooth SSN and correlation coefficient.

We calculated the correlation coefficient of Gr with the smooth sunspot
numbers and got 0.5. Munakata [38] calculated 0.7 using sunspot numbers with
a constant  = 0.01. Munakata concluded an anti-correlation of Gr with the solar
cycle but our results do not necessarily support their conclusion.
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4.7 North-South symmetric gradient, Gs
Ahluwalia [46] discussed that besides the radial (Gr) and the azimuthal (G)
gradients in the ecliptic plane, there also exists the transverse or north-south
(latitudinal) gradient (G). Using the radial and azimuthal components of the
anisotropy vector as derived by NM data, he has shown the relationship between
the transverse gradient and these anisotropy vectors.
The transverse gradient is resolved into two components, the symmetric and
asymmetric transverse gradients. The symmetric transverse gradient Gs is a
latitudinal gradient with respect to the neutral current sheet. Its existence is
required by the charged particle drift hypothesis.

Figure 52. Illustration of symmetric latitudinal gradient [35].
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During the positive magnetic polarity (A>0) period, GCRs drift from the polar
regions into the ecliptic and then out along the heliospheric neutral current sheet
(HNCS). This should result in a minimum for GCR density relative to the current
sheet.
During negative magnetic polarity (A<0) periods, the GCRs drift inwards along
the current sheet. This sets up a symmetric density gradient drift with respect to
the current sheet due to the diamagnetic drift of the GCRs perpendicular to the
IMF. This should result in a maximum for GCR density relative to the current
sheet.
Figure 52 illustrates the direction of Gs above and below the current sheet
during positive magnetic polarity (A>0) and negative magnetic polarity (A<0).
Compare this to the latitudinal asymmetric case in Figure 57 in which the
gradient below and above the current sheet is in the same direction.
The following is the equation for the transverse symmetrical gradient, Gs

Gs 

A
rL cos 



1
(1   )||Gr sin 
rL

(75)

We can further reduce this equation using equation 64,
A  A
2

 ||Gr 1   sin  cos

1   ||Gr sin



A  A
2

1
cos

We can derive a relationship for Gs based on experimental data
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The following shows the equation for the transverse symmetrical gradient
with the plots of the results for NM1 and NM2 in the next figures.
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The results show that the symmetric gradient lies in the range between
0.28 and -0.22 %/AU with no apparent rigidity dependence. For the period from
1967 to 2013, Gs has an average value of -0.009 ± 0.019 %/AU. It shows a very
complicated relationship (Figure 54) with solar activity and with the high peaks
near solar maximum.
Chen and Bieber [36] write that the drift models of cosmic ray transport
predict the symmetric transverse gradient should reverse sign with the reversal of
the magnetic polarity. We do see temporal fluctuations during the solar cycle
from negative to positive values for the gradient but these fluctuations occur
throughout a magnetic polarity epoch.
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Figure 53. Yearly NM1 and NM2 transverse symmetric gradient

Figure 54. Average transverse symmetric gradient.
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If we look at the values for Gs and compare them to the smooth sunspot
numbers (Figure 55) we get a very poor correlation based on the near zero value
for the correlation coefficient.
Gs appears to have a complex relationship with the 11-year solar cycle
with no apparent 22-year solar cycle dependence.

Figure 55. Average transverse symmetric gradient vs smooth SSN and
correlation coefficient.

4.8 North-South asymmetric gradient, Ga
From the Section 3.12 we can show the following equations for Ga that
involves the difference terms between the away/toward parameters Ar or A.
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G a

Ar  Ar

2rL sin 

G a 

A  A

(77)

2rL cos

We calculate the transverse asymmetric gradient from both equations
above and average the two values to get the gradient for NM1 and NM2 (Figure
56). We find that this gradient is rigidity independent so we can then average
these values to get an average value for the gradient (Figure 58).

Figure 56. North-South asymmetric gradient for NM1 and NM2 with error bars.

Figure 57 illustrates the transverse asymmetric gradient, Ga. The asymmetric
gradient

points

southward

when

the

value

of

the

“away”

(positive)

radial/azimuthal component of the anisotropy is larger than the “toward”
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(negative) radial/azimuthal component. In the opposite case when the
asymmetric

gradient

points

northward,

the

value

of

the

“away”

(+)

radial/azimuthal component of the anisotropy is lower than the “toward” (-)
radial/azimuthal component.

Figure 57. Illustration of asymmetric latitudinal gradient [35].

Ahluwalia and Dorman [35] looked at 6 GCR detectors (NMs and muon
detectors) from 1965 to 1993. Their results show a southward pointing gradient
from 1965 to 1968 and a northward pointing gradient from 1969 to 1973. The
results from this analysis shows positive values for the gradient from 1965 to
1968 (0.6386 %/AU average value) which is consistent with a southward
gradient. From 1969 to 1973, our results show an average negative value (0.1383 %/AU) for the gradient which is consistent with a northward pointing
gradient.
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Figure 58. Average North-South asymmetric gradient with error bars.

Ahluwalia and Dorman show values for the coupled parameter rLGa from
1965-1968 to be about 0.089% ± 0.030% on average for the NMs. Taking our
average value for the gradient (0.6386 %/AU) and an average NM1 value for the
Larmor radius during this time period (0.0567 AU) we get a value of about
0.036% for the coupled parameter rLGa.
Looking at the Ahluwalia and Doman results for the period 1969-1973, the
coupled parameter rLGa is about -0.053% ± 0.013%. Our results using -0.138
%/AU for the gradient and a Larmor radius of 0.054 gives us rLGa =-0.007%
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Figure 59. Average Ga vs smooth SSN and correlation coefficient.

If we compare the transverse asymmetric gradient Ga from Ahluwalia and
Dorman for the Deep River NM for comparison to our results, we see that our
results are a lot lower than that computed by Ahluwalia and Dorman. The
discrepancies may be in the higher rigidity grouping for NM1 compared to Deep
River NM. But the trends in the results appear to be comparable.
When we plot the transverse asymmetric gradient versus the smooth sunspot
numbers (Figure 59) and compute the correlation coefficient we find that its value
is very small indicating no correlation at all.
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4.9 The radial anisotropy, Ar
From section 3.11 we showed the solution to the radial anisotropy. Figure 60
shows the results of our calculations for the NM1 and NM2 groups.

Figure 60. Ar for NM1 and NM2 with error bars.

Maximum values of Ar occur during epochs of positive polarity (A>0) near
solar minimum and local minimum values for Ar occur during periods of negative
polarity which indicates a 22-year solar cycle dependence.
The peak amplitude (with reference to solar minimum level in 1985) is given
in Table 16. It shows the amplitude for the radial anisotropy during the solar
minimum of 1976 and 1997 indicates a weak rigidity dependence.
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Table 16. Ar peak amplitude with respect to 1985 solar minimum level.

4.10

The azimuthal anisotropy, A

Like the radial anisotropy, section 3.11 showed the solution to the azimuthal
anisotropy. Figure 61 shows the results of our calculations for the NM1 and NM2
groups.

Figure 61. A for NM1 and NM2 with error bars.

The results show an 11-year solar cycle dependence with minimum values
occurring near solar minimum. The amplitude of A at solar minimum is shown in
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Table 17. Based on these results, there is no rigidity dependence for the
azimuthal anisotropy.

Table 17. A peak amplitudes with respect to solar minimum

4.11

North-South anisotropy, A

We have calculated the radial (Ar) and azimuthal (A) components of the
anisotropy in the previous sections in order to calculate the yearly values for the
 coefficient. The third component, the north-south or transverse anisotropy is
discussed next.
The north-south anisotropy is normal to the ecliptic plane and can be derived
in two ways from NMs. One can use data from NMs located near the north and
south geomagnetic poles and determine the anisotropy. If NMs from other
locations are used, the north-south anisotropy can still be determined because
the Earth’s rotation axis is inclined to the ecliptic plane by 23.4. By analyzing the
diurnal variation of the NM counting rate we can determine the north-south
anisotropy just like we’ve determined the other two components parallel and
perpendicular to the IMF in the ecliptic plane.
From equation 41 for the north-south anisotropy
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Equation 78 indicates that A contributions come from two sources, namely,
the asymmetric gradient perpendicular to the ecliptic plane and the symmetric
gradient. The yearly values are plotted in Figure 62. The following points are
noted:
1. A is small and positive with a range from 0.15% to 0.8% for NM1, NM2
for 1967-2013 with typical mean error in points ~ 0.05%.
2. A for NM2 is greater than that for NM1 indicating an increase of A  with
rigidity confirming an earlier result by Ahluwalia [48] but over a longer time
interval.
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3. A values are higher than those reported by Chen and Bieber [36] for NMs
at Thule and McMurdo (polar sites) for 1961-1988 but comparable to
Belov and Oleneva [47] values for a shorter time period.
4. A tends to be high near SSN maximum and low near SSN minimum
exhibiting an 11-year cycle as noted by others for a shorter period. A is
high for negative polarity intervals and low for positive intervals near SSN
minima indicating a solar polarity dependence in contrast to results
reported by Chen and Bieber [36]. They report higher values for negative
polarity intervals. Larger A for NM2 for the rising phase of cycle 24
(current solar cycle) is due to larger rL (lower B) values.

Figure 62. Yearly NM1 and NM2 north-south anisotropy.
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5. Summary
We have shown that we can compute the values of the components of the
diffusion tensor K by an empirical approach using data from two groups of
ground-based neutron monitors of the global network and satellite data of the
IMF. The GCR modulation present in the NM data can be analyzed using
harmonic analysis techniques to give us the diurnal amplitude and phase of this
modulation. We used NM data from 18 detectors at varying rigidities covering
almost 5 solar cycles from 1967 to 2013. We separated these NMs into two
rigidity groups with median rigidities ~15 GV (NM1) and ~25 GV (NM2) to
determine any rigidity dependence of the transport parameters over a limited
range. We investigated any 11-year sunspot cycle and magnetic polarity trends.
Then we computed the radial and azimuthal components of the diurnal
anisotropy in free space and derived the equation for the  coefficient from these
components of diurnal anisotropy. We calculated the coefficient  instead of
using published ad hoc results of 0.01 used by others. We have shown that  is
not a constant but varies throughout the solar cycle and that its numerical value
has been under-estimated. The results show the value for  to be: 0.006 <  <
0.278 with an error of ±0.008 for NM1 and 0.199 <  < 0.476 with an error of
±0.01 for NM2, showing that  is rigidity dependent. The results show that  has
no magnetic polarity dependence implying no 22-year solar cycle dependence.
During the 11-year solar cycle,  shows local maxima during solar minimum.
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We calculated the three components of the anisotropy vector: A r, A, and
A. The first two components were derived from our harmonic analysis by
translating those harmonic analysis results to free-space. We found that the
radial and azimuthal anisotropies show a weak and no rigidity dependence
respectively. The results show that the radial anisotropy Ar has a 22-year solar
cycle dependence and that the azimuthal anisotropy A only has an 11-year
solar cycle dependence. The peak amplitude (with reference to the solar
minimum level in 1985) for the radial anisotropy is the following: 1988-1997 for
NM1 it is 0.30 ± 0.01 % and for NM2 it is 0.39 ± 0.02 %; 1976-1985, the peak
amplitude for NM1 is 0.29 ± 0.01 % and for NM2 it is 0.33 ± 0.02 %. The peak
amplitudes relative to solar minimum for the azimuthal anisotropy are: 19681976, 0.13 ± 0.01% for NM1 and 0.11 ± 0.01% for NM2; 1979-1986, 0.07 ±
0.01% for NM1 and 0.12 ± 0.01% for NM2; 1989-1996, 0.16 ± 0.01% for NM1
and 0.14 ± 0.01% for NM2; and 2000-2009, 0.04 ± 0.01% for NM1 and 0.12 ±
0.01% for NM2.
For the transverse or north-south anisotropy (A), by taking 3-year running
averages of the data shows a 22-year solar cycle dependence where local
maxima and minima for A occurs around negative (A<0) epochs and positive
(A>0) epochs respectively. NM2 values for A are higher than NM1 values for the
current A<0 epoch.
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From we calculated the transverse symmetric gradient (Gs), the
transverse asymmetric gradient (Ga), and the radial gradient (Gr). Note that
since we are taking yearly averages, the azimuthal gradient G = 0.
We calculated the values for the coupled parameter ||Gr and || to solve
for Gr where Gr = ||Gr/||. Our results show that Gr has no rigidity dependence.
We find no 22-year solar cycle dependence either. But we did find that during
solar minimum it appears that for positive polarity (A>0) epochs the values for Gr
are lower than for negative polarity epochs (A<0). The results show that the Gr
values range from 3.9 to 16.7 %/AU with error of ±0.4 %/AU.
The north-south gradient can be resolved into two components, the
symmetric and the asymmetric gradients. Both gradients are based on the
direction of the transverse gradients on either side of the current sheet and may
coexist at the same time. When the gradient on either side of the current sheet is
pointing toward or away from the current sheet then the gradient is symmetric.
When the gradients on either side are pointing in the same direction then the
gradient is asymmetric.
The results for the symmetric north-south gradient (Gs) show that the
symmetric gradient lies in the range between 0.28 and -0.46 %/AU with error of
±0.02 %/AU. It shows no apparent rigidity dependence. It shows a very
complicated relationship with solar activity and with high peaks near solar
maximum.
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The asymmetric north-south gradient shows no rigidity dependence with
values between -0.52 to 0.87 %/AU with error of ±0.05 %/AU. Gs appears to
have a complex relationship with the 11-year solar cycle with no apparent 22year solar cycle dependence.
The results reported here are based on neutron monitor data only. Future
investigations should include an analysis of the available data from muon
detectors (67 GV < Rm < 300 GV) to enable us to define the rigidity dependence
of modulation parameters more precisely.

Table 18. Summary of values for transport parameters.
NM1 min

NM1 max

NM1 Error

NM2 min

NM2 max

NM2 error

rL

0.036

0.086

0.002

0.059

0.142

0.002

||

0.070

0.196

0.005

0.074

0.189

0.004




0.012

0.035

0.001

0.029

0.071

0.001

0.006

0.278

0.008

0.199

0.476

0.011

Ar

-0.01

0.23

0.01

-0.23

0.20

0.01

A

0.29

0.50

0.01

0.22

0.43

0.01

A

0.15

0.80

0.05

0.15

0.80

0.05

||Gr

0.64

1.27

0.02

0.64

1.27

0.02

Gr

3.9

16.7

0.4

3.9

16.7

0.43

Gs

-0.22

0.28

0.02

-0.22

0.28

0.02

Ga

-0.52

0.87

0.05

-0.52

0.87

0.05
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Table 19. Summary of correlation for transport parameters.
Correlation
Rigidity

11-Year SSN

Mag Polarity

rL

Yes

Yes

No

||

No

Yes

Yes




Yes

Yes

No

Yes

Yes

No

Ar

weak

No

Yes

A

No

Yes

No

A

No

Yes

Yes

||Gr

No

weak

Yes

Gr

No

Yes

No

Gs

No

weak

No

Ga

No

No

No
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Appendix A: Yearly Diurnal Amplitude and Local Phase from Harmonic
Analysis

Figure 63. Apatity NM yearly diurnal amplitude and local phase.

Figure 64. Calgary NM yearly diurnal amplitude and local phase.
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Figure 65. Climax NM yearly diurnal amplitude and local phase.

Figure 66. Deep River NM yearly diurnal amplitude and local phase.
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Figure 67. Durham NM yearly diurnal amplitude and local phase.

Figure 68. Jungfraujoch NM yearly diurnal amplitude and local phase.
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Figure 69. Kiel NM yearly diurnal amplitude and local phase.

Figure 70. Lomnicky Stit NM yearly diurnal amplitude and local phase.
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Figure 71. Moscow NM yearly diurnal amplitude and local phase.

Figure 72. Newark NM yearly diurnal amplitude and local phase.
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Figure 73. Oulu NM yearly diurnal amplitude and local phase.

Figure 74. Hermanus NM yearly diurnal amplitude and local phase.
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Figure 75. Huancayo/Haleakala NM yearly diurnal amplitude and phase.

Figure 76. Mt Norikura NM yearly diurnal amplitude and local phase.
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Figure 77. Pochefstroom NM yearly diurnal amplitude and local phase.

Figure 78. Rome NM yearly diurnal amplitude and local phase.
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Figure 79. Tseumeb NM yearly diurnal amplitude and local phase.
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Appendix B. Yearly Free-Space Anisotropy and Phase

Figure 80. Apatity NM yearly free-space anisotropy and phase.

Figure 81. Calgary NM yearly free-space anisotropy and phase.
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Figure 82. Climax NM yearly free-space anisotropy and phase.

Figure 83. Deep River NM yearly free-space anisotropy and phase.
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Figure 84. Durham NM yearly free-space anisotropy and phase.

Figure 85. Jungfraujoch NM yearly free-space anisotropy and phase.
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Figure 86. Kiel NM yearly free-space anisotropy and phase.

Figure 87. Lomnicky Stit NM yearly free-space anisotropy and phase.
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Figure 88. Moscow NM yearly free-space anisotropy and phase.

Figure 89. Newark NM yearly free-space anisotropy and phase.
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Figure 90. Oulu NM yearly free-space anisotropy and phase.

Figure 91. Hermanus NM yearly free-space anisotropy and phase.
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Figure 92. Huancayo/Haleakala NM yearly free-space anisotropy and phase.

Figure 93. Mt. Norikura NM yearly free-space anisotropy and phase.
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Figure 94. Pochefstroom NM yearly free-space anisotropy and phase.

Figure 95. Rome NM yearly free-space anisotropy and phase.
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Figure 96. Tseumeb NM yearly free-space anisotropy and phase.
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Appendix C: Derivation of the Cosmic Ray Transport Coefficient 
Using the definition for  and the relationship for K||,



 K 
1
1



2
|| K|| 1  ( ) 1  || / rL 2

K || 

v
||
3

we can derive an equation for  from the following:
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To remove the dependence of  on ||Gr, we use another relationship that
contains that parameter and substitute into the above equation and solve for .
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Appendix D: Yearly IMF Data
The interplanetary magnetic field data is provided by NASA’s OMNIWeb
database at http://omniweb.gsfc.nasa.gov/form/dx1.html. This database provides
hourly-averaged, near-Earth solar wind magnetic field data from several
spacecraft (ISEE 3, Wind, ACE) in geocentric (L1) orbits. For our calculations of
IMF angle and the cosmic ray transport parameters, we use the hourly field
magnitude average value of the magnetic field and the GSE (geocentric solar
ecliptic) vector components of the vector magnetic field.
The following shows the equation of the IMF angle and the derivation of
the error, .
 By 

 Bx 

  tan 1 




2

2

 B 2 B
 y  y B

x
2 2  B
Bx2
 By   x
1   
 Bx 
1

tan

1  tan 2 

 

2

 B 2 B
 y 
x
 B
B
x
 y

2

 B 2 B
y
x
sin cos 

B
B
 y
x

2

2






1
 By 
1   
 Bx 


  sin cos


2

2

2 2

2
2
By  By
Bx

Bx  By
Bx


 B 2 B
 y 
x
 B
B
x
 y

2

2
















A typical plot of the hourly IMF data for the year 2013 is shown in the
following figure. The plot shows the Bx and By components of the IMF at 1 AU.
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Figure 97. Hourly IMF Data for 2013.
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